Key message Resistant and susceptible lines in Brassica rapa have different immune responses against Fusarium oxysporum inoculation. Abstract Fusarium yellows caused by Fusarium oxysporum f. sp. conglutinans (Foc) is an important disease of Brassicaceae; however, the mechanism of how host plants respond to Foc is still unknown. By comparing with and without Foc inoculation in both resistant and susceptible lines of Chinese cabbage (Brassica rapa var. pekinensis), we identified differentially expressed genes (DEGs) between the bulked inoculated (6, 12, 24, and 72 h after inoculation (HAI)) and non-inoculated samples. Most of the DEGs were up-regulated by Foc inoculation. Quantitative real-time RT-PCR showed that most up-regulated genes increased their expression levels from 24 HAI. An independent transcriptome analysis at 24 and 72 HAI was performed in resistant and susceptible lines. GO analysis using up-regulated genes at 24 HAI indicated that Foc inoculation activated systemic acquired resistance (SAR) in resistant lines and tryptophan biosynthetic process and responses to chitin and ethylene in susceptible lines. By contrast, GO analysis using up-regulated genes at 72 HAI showed the overrepresentation of some categories for the defense response in susceptible lines but not in the resistant lines. We also compared DEGs between B. rapa and Arabidopsis thaliana after F. oxysporum inoculation at the same time point, and identified genes related to defense response that were up-regulated in the resistant lines of Chinese cabbage and A. thaliana. Particular genes that changed expression levels overlapped between the two species, suggesting that they are candidates for genes involved in the resistance mechanisms against F. oxysporum.
Introduction
Brassica rapa L. is an annual and out-crossing plant species in the Brassicaceae family and has several subspecies with morphological diversity (Fujimoto and Nishio 2007; Cheng et al. 2016) . B. rapa includes vegetable crops consumed worldwide such as Chinese cabbage (var. pekinensis), pak choi (var. chinensis), and komatsuna (var. perviridis), and root vegetables including turnip (var. rapa). Chinese cabbage forms a head with large pale-green colored leaves and wide white midribs, and is an important vegetable, especially in Asian countries. The whole-genome sequence of Chinese cabbage ) is available and 199 accessions of B. rapa representing various morphotypes have been re-sequenced (Wang et al. 2011; Cheng et al. 2016) , which provide informative sources for research.
Biotic stress caused by fungi, bacteria, viruses, or insects results in severe yield losses of crops and vegetables. Fusarium oxysporum causes serious disease against a wide range of commercially important plants such as tomato, cotton, melon, banana, cabbage, and Chinese cabbage (Ulloa et al. 2006; Charoenporn et al. 2010; Oumouloud et al. 2013; Ploetz 2006; Beckman 1987; Enya et al. 2008 ). Fusarium yellows (also known as Fusarium wilt) is caused by a soil-borne Fusarium oxysporum f. sp. conglutinans or F. oxysporum f. sp. rapae in Brassica vegetables, and is an economically important disease for Chinese cabbage (Daly and Tomkins 1995; Enya et al. 2008) . Leaf yellowing, wilting, defoliation, stunted growth, and death of seedlings are caused by infection of this pathogen, which invades the host roots and colonizes in their xylem tissues, especially in warm soil (Walker 1930; Daly and Tomkins 1995) . This pathogen can survive for many years in the soil and can spread from field-to-field by heavy rain or flood. It is difficult to prevent the development of this pathogen by seed treatment, crop rotation, improved sanitation, or fungicides. Once this pathogen is found in a crop field, the most successful control method is by cultivation of disease resistant lines (Kawamura et al. 2015) .
There are two types of plant immune systems, pathogenassociated molecular pattern (PAMP)-triggered immunity (PTI) and effector-triggered immunity (ETI) (Jones and Dangl 2006) . PTI is activated when plant pattern recognition receptors (PRRs) localized in the plant cell membrane recognize pathogen molecules. Transcriptional change caused by pathogen infection is a PTI that induces expression of defense genes; PTI activates not only the mitogen-associated protein kinase (MAPK) cascade but also WRKY transcription factors (Bigeard et al. 2015; Li et al. 2016) . In Arabidopsis thaliana, recognition of the bacterial elicitor flg22 by the receptor kinase FLAGELLIN SENSITIVE 2 (FLS2) activates the signaling cascade, MEKK1-MKK4/MKK5-MPK3/MPK6-WRKY22/WRKY29 (Asai et al. 2002) . The MKK4/MKK5-MPK3/MPK6 signaling cascade plays an important role in Botrytis cinerea-infected A. thaliana to regulate biosynthesis of the major phytoalexin, camalexin (Ren et al. 2008) . By contrast, the MAPK cascade is not associated with defense response against infection by Fusarium in either A. thaliana or the economically important crops such as cotton and tomato (Berrocal-Lobo and Molina 2004) . ETI is activated when plant resistance (R) proteins localized within a plant cell recognize specific pathogen effectors [avirulence (Avr) proteins]. This recognition of Avr by R is termed 'gene-for-gene resistance' (Dangl and Jones 2001) . Most R genes encode proteins with leucine-rich repeats (LRR), a central nucleotide-binding site (NBS) domain, and a domain in the N-terminus with homology to cytosolic domains of the Drosophila Toll animal interleukin-1 receptor (TIR) (termed TIR-NBS-LRR) or a potential coiled-coil (CC) domain (termed CC-NBS-LRR) (Meyers et al. 2003; Joshi and Nayak 2011; Marone et al. 2013) . R genes against Fusarium yellows have been identified in A. thaliana (Diener and Ausubel 2005) , B. rapa (Shimizu et al. 2014) , and Brassica oleracea (Lv et al. 2014; Shimizu et al. 2015) . A candidate R gene in B. rapa and B. oleracea is orthologous and encodes a TIR-NBS-LRR protein, while a resistance gene in A. thaliana encodes a receptor-like kinase.
Numerous genes are involved in the pathogen infection. Transcriptome analysis by RNA-sequencing (RNA-seq) gives accurate global gene expression profiling, detection of allele specific expression, and alternative splicing variants (Mortazavi et al. 2008; Wang et al. 2009; Saeki et al. 2016) . Transcriptome analysis was applied to monitor pathogen response genes in plant containing Fusarium fungi. This approach provided insights into the network, pathways, or genes involved in the plant immune response against the pathogen (Zhu et al. 2013; Xing et al. 2016) . The aim of our study was to gain insights into the immune responses of host plants against F. oxysporum f. sp. conglutinans (Foc) inoculation in Chinese cabbage. A few differences in the initial Foc infection and colonization of roots were observed between susceptible and resistant cabbage cultivars up to 1 to 3 day post-inoculation (dpi). However, hyphae entered the xylem vessels in the susceptible cultivar from 4 to 6 dpi, whereas such colonization was rarely observed in the resistant cultivar (Li et al. 2015) . We performed transcriptome analysis by RNA-seq at 24 and 72 h after Foc inoculation in resistant and susceptible lines of Chinese cabbage to examine the broad disease responses. Genes differentially expressed between non-inoculated and inoculated plants and the transcriptional changes between resistant and susceptible lines were identified.
Materials and methods
Plant materials and inoculation test of Fusarium oxysporum f. sp. conglutinans Two Chinese cabbage inbred lines (RJKB-T23 and RJKB-T24) were used as plant material. RJKB-T23 and RJKB-T24 are Fusarium yellows resistant and susceptible lines, respectively. Resistant line, RJKB-T23, has two Fusarium yellows resistance genes, Bra012688 (FocBr1a) and Bra012689 (FocBr1b) (Shimizu et al. 2014) . A field strain Cong; 1-1 (isolated from cabbage) of F. oxysporum f. sp. conglutinans categorized by race 1, provided by Dr. Kadota (National Agricultural Research Center for Tohoku Region, Japan), was used to prepare the inocula used in this study. Liquid inocula were prepared according to the method described by Pu et al. (2012) . Plants were grown in plastic dishes containing Murashige and Skoog (MS) agar medium supplemented with 1.0% sucrose (pH 5.7) in growth chambers under a 16-h/8-h light/dark cycle at 25°C for 2 weeks. Roots of 2-week-old plants were dipped into liquid inocula or distilled water for the mock inoculation, and then returned to MS medium. At 6, 12, 24, and 72 h after inoculation (HAI), whole plants (three independent biological replicates, each containing a pool of six plants) were harvested and frozen with liquid nitrogen.
RNA-sequencing (RNA-seq)
Total RNAs from whole plants with mock inoculation and F. oxysporum f. sp. conglutinans inoculation were isolated by SV Total RNA Isolation System (Promega Co., WI, USA). We prepared 12 sequence libraries for RNA-seq; (1) Rb-mock, mock-inoculated bulked samples (6, 12, 24, and 72 HAI) from the resistant line (RJKB-T23) [read length; 75 bp, single-end sequencing (SE)]; (2) Rb-inf, inoculated bulked samples (6, 12, 24, and 72 HAI) from the resistant line [100 bp, paired-end sequencing (PE)]; (3) Sb-mock, mock-inoculated bulked samples (6, 12, 24, and 72 HAI) from the susceptible line (RJKB-T24) (75 bp, SE); (4) Sbinf, inoculated bulked samples (6, 12, 24, and 72 HAI) from the susceptible line (100 bp, PE); (5) R-24 h-mock, mock-inoculated samples of the resistant line at 24 HAI (100 bp, PE); (6) R-24 h-inf, inoculated samples of the resistant line at 24 HAI (100 bp, PE); (7) S-24 h-mock, mock-inoculated samples of the susceptible line at 24 HAI (100 bp, PE); (8) S-24 h-inf, inoculated samples of the susceptible line at 24 HAI (100 bp, PE); (9) R-72 h-mock, mock-inoculated samples of the resistant line at 72 HAI (75 bp, SE); (10) R-72 h-inf, inoculated samples of the resistant line at 72 HAI (75 bp, SE); (11) S-72 h-mock, mock-inoculated samples of the susceptible line at 72 HAI (75 bp, SE); and (12) S-72 h-inf, inoculated samples of the susceptible line at 72 HAI (75 bp, SE). For making libraries for RNA-seq, the first strand cDNA was synthesized by random hexamer primers using the short fragmented mRNA, which was purified by beads containing oligo (dT) from total RNA and then fragmented by fragmentation buffer. The second-strand cDNA was synthesized using buffer, dNTPs, RNase H, and DNA polymerase I. Illumina sequencing adaptors were ligated to the short fragments and sequenced on an Illumina HiSeq TM 2000 (100 bp, PE) or NextSeq 500 (75 bp, SE). The RNA-sequencing data have been deposited with DDBJ under DRA005538 and DRA005976.
Detection of differentially expressed genes (DEGs)
Tophat2 (Kim et al. 2013 ) was used to align RNA-seq reads against the B. rapa reference genome downloaded from the Ensemble Genome database (ftp://ftp.ensemblgenomes.org/pub/release-28/plants/fasta/brassica_rapa/ dna/Brassica_rapa.IVFCAASv1.28.dna.genome.fa). Gene expression levels were scored by fragments per kilo-base per million (FPKM) using cufflinks, and cuffdiff was used for identification of differentially expressed genes (DEGs) with and without F. oxysporum f. sp. conglutinans inoculation (Trapnell et al. 2012) . Analysis for enrichment of gene functional ontology terms was completed using the gene ontology (GO) tool, agriGO (Du et al. 2010) following the methods described by Shimizu et al. (2014) . Statistical tests for enrichment of functional terms used the hypergeometric test and false discovery rate (FDR) correction for multiple testing to a level of 5% FDR.
Gene expression analysis
cDNA was synthesized from 500 ng total RNA using PrimeScript RT reagent Kit (Takara Bio., Shiga, Japan). Prior to quantitative real-time RT-PCR (qPCR), the specificity of the primer set for each gene was first tested by electrophoresis of PCR amplified products using QuickTaq Ò HS DyeMix (TOYOBO Co., Ltd., Osaka, Japan) on 2.0% agarose gel in which single products were observed. The absence of genomic DNA contamination was confirmed by the PCR of no RT control. PCR conditions were 94°C for 2 min followed by 30 cycles of 94°C for 30 s, 55°C for 30 s, and 68°C for 30 s.
qPCR was performed using a LightCycler 96 (Roche Molecular Systems, Inc., CA, USA). cDNA was amplified using FastStart Essential DNA Green Master (Roche). PCR conditions were 95°C for 10 min followed by 40 cycles of 95°C for 10 s, 60°C for 10 s, and 72°C for 10 s, and Melting program (65-97°C at 0.1°C/s). After amplification cycles, each reaction was subjected to melt temperature analysis to confirm single amplified products. The relative expression level of each gene relative to ACTIN (Bractin) was automatically calculated using automatic CQ calling according to the manufacturer's instructions (Roche) (Fujimoto et al. 2006) . Data presented are the average and standard error of three biological and experimental replicates and statistically analyzed using Student's Plant Cell Rep (2017 ) 36:1841 -1854 1843 t test, p \ 0.05. The primers used in this study are listed in Table S1 .
Results
RNA-sequencing analysis on samples inoculated by F. oxysporum f. sp. conglutinans
In our previous study, the whole-genome transcriptome of 14-day-old leaves of the Fusarium yellows resistant line, RJKB-T23, and the susceptible line, RJKB-T24, were compared without inoculation of F. oxysporum f. sp. conglutinans (Foc); and two candidate genes for Fusarium yellows resistance, FocBr1a (Bra012688) and FocBr1b (Bra012689), were identified as a deletion in the genome of the susceptible lines (Shimizu et al. 2014) . In the present study, total RNA was isolated from whole plants at 6, 12, 24, and 72 h after inoculation (HAI) of RJKB-T23 and RJKB-T24. The expression levels of Bra012688 and Bra012689 in RJKB-T23 after inoculation of Foc were examined by quantitative real-time RT-PCR (qPCR) and were not drastically altered at any time point except for the expression level of Bra012689 at 72 HAI (Fig. 1a) .
Whole-genome transcriptome analysis was carried out using RNA-seq on the bulked total RNAs from whole plants collected at 6, 12, 24, and 72 HAI of Foc or at the same time points of mock treated RJKB-T23 and RJKB-T24. The RNA-seq libraries from RJKB-T23 and RJKB-T24 with Foc inoculation were named Rb-inf and Sb-inf, respectively, and the RNA-seq libraries from RJKB-T23 and RJKB-T24 with mock treatments were named respectively. 28.8, 28.2, 25.8, and 26 .8 M clean reads were obtained from Rb-mock, Sbmock, Rb-inf, and Sb-inf, respectively (Table S2) (Table S2) .
Differentially expressed genes with and without Foc inoculation
The differentially expressed genes (DEGs) between inoculated and non-inoculated (mock treatment) samples were identified by Tophat/cuffdiff using two criteria, two-fold difference (log2 ratio C1.0), and 95% confidence. In the resistant lines of Fusarium yellows after inoculation, 200 DEGs were identified between Rb-mock and Rb-inf, including 124 up-regulated and 76 down-regulated genes (Tables S3, S4 ). 174 DEGs, including 137 up-regulated and 37 down-regulated genes, between Sb-mock and Sb-inf in the susceptible lines of Fusarium yellows were detected after inoculation (Tables S3, S4 ). Sixty-six up-regulated genes and fourteen down-regulated genes were detected after inoculation in both the resistant and susceptible lines (Table S3) . 304 genes showed differential expression levels between Rb-inf and Sb-inf. 154 of the 304 genes (50.7%) showed differential expression levels between Rb-mock and Sb-mock (data not shown). There was no difference in expression levels of Bra012688 and Bra012689 between Rb-mock and Rb-inf and both were not expressed in Sbmock and Sb-inf ( 
Detection of gene expression levels after inoculation of Foc
Among the DEGs detected by RNA-seq, six genes showing up-regulation after inoculation in the resistant and/or susceptible lines (GSTF3, GSTU13, JR1, PR3, PR4, and TPS04) were selected to examine the expression levels at 6, 12, 24, and 72 HAI. The expression levels increased at 72 HAI (Fig. 2) . These expression patterns were categorized into three groups: Group-1; increased expression levels at 72 HAI in the resistant line (JR1 and TPS04), Group-2; increased expression levels at 72 HAI in the susceptible line (GSTU13, PR3, and PR4), and Group-3; increased expression levels at 72 HAI in the both lines (GSTF3) (Fig. 2) . The results obtained from qPCR analysis corresponded with the RNA-seq data (Fig. 2) .
Gene expression levels at 24 and 72 h after inoculation with Foc
The six genes above, which are involved in pathogen resistance or immune response, indicated that gene expression started to increase after 24 HAI in the resistant and/or susceptible lines; thus, the RNA-seq analysis was repeated using whole plants at 24 HAI. We also performed RNA-seq analysis using whole plants at 72 HAI before the appearance of disease symptoms in susceptible lines. RNA-seq of four libraries produced clean reads of 11.6, 11.7, 11.7, and 11.6 M from R-24 h-mock, S-24 h-mock, R-24 h-inf, and S-24 h-inf, respectively, and about 80% of these reads were mapped to the reference genome (Table S2) . 29.5, 28.8, 28.8, and 26.1 M clean reads were obtained from R-72 h-mock, S-72 h-mock, R-72 h-inf, and S-72 h-inf, respectively (Table S2) , and about 90% of these reads were mapped to the reference genome (Table S2) .
The DEGs were identified by Tophat/cuffdiff with two criteria: two-fold difference (log2 ratio C1.0) and 95% confidence at 24 HAI. 260 DEGs including 245 up-regulated and 15 down-regulated genes were identified between R-24 h-mock and R-24 h-inf in the resistant line (Tables S3, S5 ). There were 253 DEGs including 207 upregulated and 46 down-regulated genes identified between S-24 h-mock and S-24 h-inf in the susceptible line (Tables S3, S5 ). There were 123 up-regulated genes and five down-regulated genes in both the resistant and susceptible lines (Fig. 3a) . The expression levels of 344 genes were significantly different between R-24 h-inf and S-24 h-inf, and 238 of 344 genes (69.2%) were significantly different between R-24 h-mock and S-24 h-mock (data not shown).
At 72 HAI, 83 up-regulated and 5 down-regulated genes were identified between R-72 h-mock and R-72 h-inf in the resistant line (Tables S3, S6 ). There were 87 up-regulated and 22 down-regulated genes obtained between S-72 hmock and S-72 h-inf in the susceptible line (Tables S3,  S6 ). There were 13 up-regulated genes and one downregulated gene in both the resistant and susceptible lines (Fig. 3b) . The expression levels of 257 genes were significantly different between R-72 h-inf and S-72 h-inf, and 170 of 257 genes (66.1%) were significantly different between R-72 h-mock and S-72 h-mock (data not shown).
There were 13 up-regulated genes and one down-regulated gene common to 24 and 72 HAI in the resistant lines ( Fig. 3c; Table 1 ). There were eight up-regulated genes and three down-regulated genes common to 24 and 72 HAI in the susceptible lines ( Fig. 3c ; Table 1 ).
Gene ontology analysis of differentially expressed genes after inoculation of Foc
The up-and down-regulated genes at 24 or 72 HAI in the resistant and/or susceptible lines were categorized into GO cellular component (CC), GO molecular function (MF), and GO biological process (BP). At 24 HAI, 83 and 121 categories were overrepresented in up-regulated genes in the resistant and susceptible lines, respectively (p \ 0.001, FDR \ 0.05). Seventy-four categories were overrepresented in the up-regulated genes in both resistant and susceptible lines (Table S7 ). None of the categories was overrepresented in down-regulated genes in the resistant line and two categories were overrepresented in the downregulated genes in the susceptible line (p \ 0.001, FDR \ 0.05) ( Table S7 ). The up-regulated genes from both the resistant and susceptible lines categorized into 'Response to biotic stimulus', 'Secondary metabolic process', 'Response to chemical stimulus', 'Response to stress', 'Defense response', 'Response to jasmonic acid stimulus', and 'Sulfur metabolic process' in BP were overrepresented ( Fig. 4 ; Table S7 ). The genes categorized into 'Regulation of defense response', 'Response to salicylic acid stimulus', and 'Systemic acquired resistance' in BP tended to be overrepresented in the up-regulated genes of the resistant line ( Fig. 4 ; Table S7 ). The genes categorized into 'Oxidoreductase activity' in MF and 'Tryptophan biosynthetic process', 'Response to chitin', 'Response to ethylene stimulus', 'Auxin biosynthetic process', 'Cell wall thickening', and 'Callose deposition in cell wall' in BP tended to be overrepresented in up-regulated genes of the susceptible line ( Fig. 4 ; Table S7 ).
At 72 HAI, four categories in the resistant lines and 25 categories in the susceptible lines were overrepresented in up-regulated genes (p \ 0.001, FDR \ 0.05), and three categories in the resistance lines overlapped with the categories in the susceptible lines (Table S8) Table S8 ). The gene categorized into 'Response to jasmonic acid stimulus', 'Oxylipin metabolic process', 'Response to wounding', 'Fatty acid metabolic process', and 'Response to oxidative stress' in BP tended to be overrepresented in up-regulated genes of the susceptible line ( Fig. 4 ; Table S8 ).
Validation of differential gene expression by quantitative real-time RT-PCR
Six genes (BG3, Bra037877 (Peroxidase superfamily protein), GULLO2, JRG21, PDR12, and PRB1) from upregulated genes at 24 HAI in R-24 h-inf/S-24 h-inf were selected, and the expression levels of these six genes at each time point of 6, 12, 24, or 72 HAI were examined by qPCR (Fig. S1 ). These genes were categorized into three groups in terms of their expression patterns: Group-1; increased expression levels at 72 HAI in the resistant line (Bra037877), Group-2; increased expression levels at 72 HAI in the susceptible line (BG3, GULLO2, PDR12, and PRB1), and Group-3; increased expression levels at 72 HAI in the both lines (JRG21) (Fig. S1 ). In total, 12 genes (six genes up-regulated in Rb-inf/Sbinf; six genes up-regulated in R-24 h-inf/S-24 h-inf) were selected, and two (GULLO2, PDR12) and one (BG3) of 12 genes showed up-regulation in the resistant and susceptible lines, respectively, at 24 and 72 HAI (Table 1) . In these 12 genes, the expression levels determined from qPCR analysis at 24 and 72 HAI were consistent with the RNA-seq data except for PRB1 at 24 HAI and Bra037877 at 72 HAI (Figs. S2-S5 ).
Comparison of Foc inoculation responsive genes between species
The transcriptome analysis in A. thaliana after infection of Fusarium oxysporum has been performed (Zhu et al. 2013 ). The up-and down-regulated genes at 1 DPI (day-postb Fig. 2 Gene expression levels of up-regulated genes after Foc inoculation measured by quantitative real-time RT-PCR. Six genes, GSTF3 (Group-3), GSTU13 (Group-2), JR1 (Group-1), PR3 (Group-2), PR4 (Group-2), and TPS04 (Group-1), whose expression was upregulated in Rb-inf and/or Sb-inf were examined. Expression levels of these six genes were measured by real-time RT-PCR at 6, 12, 24, and 72 h after Foc inoculation (HAI inoculation) were compared with our transcriptome data at 24 HAI in B. rapa. Twenty-nine up-regulated genes in R-24 h-inf and 24 up-regulated genes in S-24 h-inf overlapped with the up-regulated genes in A. thaliana at 1 DPI (Table 2 ; Fig. S6 ). These included genes encoding the peroxidase superfamily protein, chitinase, glutathione S-transferase, ACC OXIDASE 1, CYTOCHROME P450, and transcription factors such as WRKY51 and WRKY53 ( Table 2 ). The expression levels at each time point of 6, 12, 24, or 72 HAI in two genes [Peroxidase superfamily protein (Bra037877/At4g08780) and PDR12], which showed upregulation in R-24 h-inf and A. thaliana at 1 DPI (Table 2) , have been examined by qPCR (Fig. S1 ). Four genes (GSTU10, HB1, WRKY51, and WRKY53) from 29 up-regulated genes in R-24 h-inf and A. thaliana at 1 DPI were selected, and the expression levels of these four genes at each time point of 6, 12, 24, or 72 HAI were examined by qPCR (Table 2 ; Fig. 5 ). The qPCR results were consistent with RNA-seq results at 24 and 72 HAI (Figs. S7, S8 ).
Discussion
Pathogen attack triggers complex signaling cascades regulated by molecules such as salicylic acid (SA), jasmonic acid (JA), and ethylene (ET), resulting in the expression of defense-related genes such as those encoding pathogenesisrelated (PR) proteins (Glazebrook 2001) . The SA-signaling pathway is often considered to be effective against the biotroph phase (pathogens that derive nutrients from living host cells), while JA-and ET-signaling pathways tend to be effective against the necrotroph phase (pathogens that derive nutrients from dead cells) (Glazebrook 2005; Beckers and Spoel 2006) . F. oxysporum is considered a hemi-biotrophic pathogen, because it begins its infection cycle as a biotroph but changes to a necrotroph at the later stage (Lyons et al. 2015) . We previously identified candidates for Fusarium yellows resistance genes, Bra012688 and Bra012689 (Shimizu et al. 2014) . In this study, we examined the expression levels of these two genes in the resistant lines at four time points (6, 12, 24, and 72 h) after Foc inoculation by qPCR. Though the expression level of Bra012689 at 72 HAI was slightly higher than those at other time points or with no inoculation, expression levels of these two genes did not change dramatically following Foc inoculation. This suggests that expression of resistance genes prior to infection is sufficient for Fusarium yellows resistance. We also (Spoel and Dong 2012) , suggesting that the phase change from biotroph to necrotroph occurs in susceptible lines from 24 to 72 HAI. However, the JA/ETmediated disease resistance response might not be effective in activating resistance in the susceptible line, and upregulation of PR3 and PR4 might be a response to a shift to necrotroph phase. TPS04, JR1, and Bra037877 (peroxidase) were expressed at higher levels in the resistant lines than in the susceptible lines at 72 HAI, suggesting that they are more involved in defense response than genes showing similar expression patterns between the resistant and susceptible lines, or with higher expression levels in the susceptible lines than in the resistant lines. The previous reports of the transcriptome analyses by F. oxysporum infection used one line assessing different time points (Zhu et al. 2013; Lyons et al. 2015; Xing et al. 2016 ). However, we used both resistant and susceptible lines for transcriptome analysis, which enables us to compare the transcriptional change between the resistant and susceptible lines. We identified DEGs between noninoculated and inoculated plants at 24 and 72 h after Foc inoculation in the resistant and susceptible lines. In both cases, about 80% of DEGs were up-regulated in both resistant and susceptible lines. The constant up-regulation of most DEGs by F. oxysporum infection was also observed in A. thaliana (Zhu et al. 2013) , while no such bias was observed in the same material from a different group (Lyons et al. 2015) . In cabbage, a ratio between upand down-regulated genes by Foc infection was dependent on the time point (Xing et al. 2016) . These results suggest that the trend of up-regulation by Foc inoculation observed in our study is not a fundamental reaction of host plants. About 50% of up-regulated genes overlapped between the resistant and susceptible lines at 24 HAI, while about 15% of up-regulated genes overlapped at 72 HAI. These results suggest that the half of the up-regulated genes were involved in the basic defense response rather than the specific reaction for Fusarium yellows resistance at 24 
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RJKB-T23
RJKB-T24 HAI, but the difference of the reaction between resistant and susceptible lines became clear at 72 HAI. At 24 HAI, categories in 'Systemic acquired resistance', 'Regulation of defense response', and 'Response to salicylic acid stimulus' were overrepresented in up-regulated genes in the resistant lines. The up-regulated genes in the resistant lines at 24 HAI categorized into 'Systemic acquired resistance', PR2, PR4, ICS1/SID2 (ISO-CHORISMATE SYNTHASE 1/SALICYLIC ACID INDUC-TION DEFICIENT 2), and WRKY70 were involved. ICS1/ SID2 is involved in SA biosynthesis including pathogeninduced biosynthesis, and WRKY70 is activated by SA (Strawn et al. 2007; Garcion et al. 2008; Li et al. 2004) . Overrepresentation in those categories of 'Systemic acquired resistance' and 'Regulation of defense response' was not observed in the up-regulated genes in the resistant lines at 72 HAI. These results indicate that SA-dependent SAR, which is known as ETI and is effective against a biotroph phase, occurs in the resistant lines of Chinese cabbage at the early time point (24 HAI). A similar hypothesis that SA-dependent SAR is involved in the defense response against Foc infection has been discussed in cabbage (Xing et al. 2016) . In contrast, categories of 'Cell wall thickening' and 'Callose deposition in cell wall' were overrepresented in the susceptible lines at 24 HAI, and categories related to auxin biosynthesis were also overrepresented. Genes involved in tryptophan biosynthesis or IAA (Indole Acetic Acid) and IGs (Indolic Glucosinolates) biosynthesis such as ASA1 (ANTHRANILATE SYNTHASE ALPHA SUBUNIT 1), TSA1 (TRYPTOPHAN SYNTHASE ALPHA CHAIN 1), TSB2 (TRYPTOPHAN SYNTHASE BETA-SUBUNIT 2), and CYP79B2, were upregulated at 24 HAI in the susceptible lines, and some of which were involved in the categories of 'Cell wall thickening' and 'Callose deposition in cell wall'. Genes categorized into the synthesis of tryptophan were induced by F. oxysporum infection in A. thaliana, but endogenous auxin levels were not affected by the F. oxysporum disease development (Kidd et al. 2011) . The negative impact of auxin in SA-mediated defense against biotrophic pathogens has been demonstrated (Chen et al. 2007; Wang et al. 2007) , suggesting that induction of the genes categorized into 'Tryptophan biosynthetic process' results in the failure of SAR induction in the susceptible lines.
At 72 HAI, four categories were overrepresented in the up-regulated genes of the resistant lines, but three of the four categories overlapped with the categories overrepresented in the up-regulated genes of the susceptible lines. By contrast, more categories were overrepresented in the susceptible lines including the categories of 'Response to jasmonic acid stimulus', 'Response to wounding', and 'Response to oxidative stress'. Category of 'Response to ethylene stimulus' tended to be overrepresented in upregulated genes of the susceptible line at 24 HAI and category of 'Response to jasmonic acid stimulus' was overrepresented in the susceptible line but not in the resistant line at 72 HAI. These results suggest that the susceptible lines activate the JA-and ET-signaling pathways, which are effective against the necrotroph phase, but the resistant lines do not. In the case of cabbage, F. oxysporum was observed in an outer layer of a root apex in the susceptible lines at 1 day post-infection (dpi) but not in the resistant lines at 1 dpi (Pu et al. 2016) , suggesting that the difference of transcriptome reactions in the resistant and susceptible lines becomes clear from 24 to 72 HAI, which might be consistent with the time when Foc multiplies in susceptible lines.
We compared our transcriptome profile with the previous reports using A. thaliana at the same time points after F. oxysporum inoculation (Zhu et al. 2013) . There are few genes that overlapped between the two data sets (B. rapa and A. thaliana) in the down-regulated genes, suggesting that down-regulated genes have no relationship with the defense response or are species-specific reactions against F. oxysporum infection. Some up-regulated genes overlapped between the two data sets and contained genes related to defense responses such as chitinase (CHI, Chitinase family protein), glutathione S-transferase (GSTU10, GSTU12), b-glucosidase (BGLU27), and peroxidase superfamily proteins. WRKY transcription factors have been implicated in regulating defense responses against pathogen infection (Dong et al. 2003; Pandey and Somssich 2009) , and WRKY51 and WRKY53 were upregulated in the resistant lines of Chinese cabbage and A. thaliana. WRKY51 and WRKY53 are involved in the defense response against Pseudomonas syringae in A. thaliana (Gao et al. 2011; Murray et al. 2007; Wang et al. 2006) . WRKY70 was also up-regulated in the resistant lines of Chinese cabbage, and WRKY46, WRKY53, and WRKY70 play overlapping and synergistic roles in plant basal defense in A. thaliana (Hu et al. 2012) , suggesting that WRKY53 and WRKY70 may act cooperatively as positive regulators for resistance to Foc in Chinese cabbage. The shared genes, including fundamental defense response genes, between related species such as Chinese cabbage, cabbage, and A. thaliana may contain key genes for resistance to F. oxysporum.
In conclusion, our RNA-seq analysis detected that genes tended to be up-regulated in both the resistant and susceptible lines at 24 and 72 HAI with Foc infection. About 50% of up-regulated genes at 24 HAI overlapped between resistant and susceptible lines, but some resistant or susceptible line-specific GO terms were overrepresented. At 72 HAI, the number of up-regulated genes common to resistant and susceptible lines decreased, suggesting that the difference of gene expression between them becomes clearer. The resistant lines activated the genes involved in disease resistance such as 'Systemic acquired resistance', 'Regulation of defense response', and 'Response to salicylic acid stimulus' at 24 HAI but not at 72 HAI, suggesting that the defense response against Foc may be established by up-regulating the genes involved in resistance reactions at 24 HAI. By contrast, the susceptible lines activated the genes involved in many types of categories such as 'Response to chitin', 'Response to ethylene stimulus', 'Auxin biosynthetic process', 'Cell wall thickening', 'Response to jasmonic acid stimulus', 'Response to wounding', and 'Response to oxidative stress' at 24 and/or 72 HAI. However, induction of these genes was not effective against Foc infection in the susceptible lines. Our results indicate that activation of ETI such as SA-dependent SAR by recognition of Avr by the R protein is important for Fusarium yellows resistance. We detected the SA-dependent SAR-related genes, PR2, PR4, and some WRKY family genes, as DEGs in resistant lines. Further research will focus on functional validation of the selected DEGs, which could be useful tools for breeding Foc resistance in Chinese cabbage.
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